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Abstract:We reconsider the question of electric charge quantization, which leads to
the existence of a dark charge nontrivially unified with weak isospin in a novel gauge
symmetry, SU(3)C⊗SU(2)L⊗U(1)Y ⊗U(1)N , where Y and N determine the electric
and dark charges, respectively. The new model provides neutrino masses and dark
matter appropriately, a direct consequence of the dark dynamics. We diagonalize
the fermion, scalar, and gauge sectors as well as obtain relevant interactions, taking
into account the kinetic mixing of U(1)Y,N gauge bosons. The new physics signals at
colliders are examined. The dark matter observables are discussed.
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1 Motivation
The neutrino mass [1, 2] and dark matter [3–5] are two of the leading questions in
science, which cannot be addressed within the framework of the standard model.
What is the mechanism that produces small neutrino masses? How does such neu-
trino mass generation scheme solve dark matter? Can the neutrino mass and dark
matter have a common origin, described in a comprehensive framework?
A number of theories have been proposed so far in attempt to answer such ques-
tions, basically based up on the seesaw [6–14] or/and radiative [15–19] mechanisms.
As a matter of fact, a violation of lepton number symmetry plus an extra symmetry,
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sometimes related to lepton parity or matter parity, are necessarily to make nonzero
neutrino masses and dark matter stability. However, such lepton symmetry is only
approximated and anomalous, which prevents the model’s prediction at high energy.
The extra symmetry, e.g. Z2, that stabilizes dark matter is ad hoc included, even in
supersymmetry the matter parity is not automatically conserved by the theory.
Recent attempts [20–37] made in interpreting neutrino mass and dark matter use
anomaly-free gauged abelian charges, namely B−L [38–40], Li−Lj [41–43], or some
variant of weak hypercharge [44, 45]. The advantage is that the gauge symmetry
breaking leads to appropriate neutrino masses and that the resultant model is well-
defined up to high energy. But the presence of dark matter and its stabilization
mechanism are optional. This may be that we have not yet had an underlying
principle that governs dark matter physics, i.e. manifestly stabilizing dark matter
candidates and setting their present abundance.
As originally proposed in [46], we introduce a dynamical dark charge, D, to be
a variant of electric charge, which properly works up to Planck scale and manifestly
provides a potential solution to both the questions. In contrast to the mentioned
abelian charges, the dark charge neither commutes nor closes algebraically with
weak isospin, analogous to electric charge. This requires a novel gauge extension
to SU(3)C ⊗SU(2)L⊗U(1)Y ⊗U(1)N by symmetric principles, where N determines
the dark charge D = T3 +N , in the same manner the hypercharge does so for electric
charge, Q = T3+Y . Interestingly, the dark charge anomaly cancelation requires three
right-handed neutrinos. And, the dark charge breaking induces both small neutrino
masses through canonical seesaw and a dark parity responsible for dark matter sta-
bility, where the dark dynamics is important to set dark matter observables as well
as the neutrino mass generation process.
To be concrete, we now point out the existence of dark charge, its gauge com-
pletion, and discussing its crucial role in settling the new physics.
2 Proposal
The electroweak theory is based up on the gauge symmetry, SU(2)L ⊗ U(1)Y . The
electric charge is a residual charge, embedded in neutral electroweak charges such
as Q = T3 + Y , where T3, Y coefficients are normalized to 1, using a freedom in
rescaling electric charge and hypercharge. Thus, the standard model does not predict
the quantization of electric charge because of Q = T3 +Y , where T3 is quantized due
to the non-Abelian nature of SU(2)L algebra, whereas the value of Y is completely
arbitrary on the theoretical ground.1
1Indeed, Y was chosen to describe observed electric charges, not explaining them.
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Generally, the fermions transform under the electroweak group as
laL =
(
νaL
eaL
)
∼ (2, Yla), νaR ∼ (1, Yνa), eaR ∼ (1, Yea), (2.1)
qaL =
(
uaL
daL
)
∼ (2, Yqa), uaR ∼ (1, Yua), daR ∼ (1, Yda), (2.2)
where a = 1, 2, 3 is a generation index. The right-handed neutrinos νaR can be
introduced or not, besides the standard model particles.
The symmetry breaking and mass generation are done by the Higgs doublet,
φ =
(
φ1
φ2
)
∼ (2, Yφ), (2.3)
with 〈φ〉 6= 0. The conservation of electric charge demands that Q〈φ〉 = 0, leading
to Yφ = ±1/2. The electric charge of φ is either φ = (φ+1 φ02)T according to Yφ = 1/2
or φ = (φ01 φ
−
2 )
T according to Yφ = −1/2. Since these solutions yield equivalently
phenomenological models, we take φ = (φ+1 φ02)T ∼ (2, 1/2) into account.
Further, only Yukawa Lagrangian in the classical theory,
L ⊃ heabl¯aLφebR + hνabl¯aLφ˜νbR + hdabq¯aLφdbR + huabq¯aLφ˜ubR +H.c., (2.4)
that is required for fermion mass generation and flavor mixing gives information on
hypercharge. It deduces
Yq1 = Yq2 = Yq3 ≡ Yq, Yl1 = Yl2 = Yl3 ≡ Yl, (2.5)
Yd1 = Yd2 = Yd3 ≡ Yd, Yu1 = Yu2 = Yu3 ≡ Yu, (2.6)
Ye1 = Ye2 = Ye3 ≡ Ye, Yν1 = Yν2 = Yν3 ≡ Yν , (2.7)
Yl = Yφ + Ye = −Yφ + Yν , Yq = Yφ + Yd = −Yφ + Yu. (2.8)
At quantum level, only nontrivial anomaly is [SU(2)L]2U(1)Y , which vanishes if
3Yq + Yl = 0. (2.9)
With the aid of Yφ = 1/2, the above equations imply
Ye = δ − 1, Yu = 2/3− δ/3, Yd = −1/3− δ/3, (2.10)
Yl = −1/2 + δ, Yq = 1/6− δ/3, (2.11)
which depend on a parameter, δ ≡ Yν . This yields the electric charge of particles,
Q(ν) = δ, Q(e) = δ − 1, Q(u) = 2/3− δ/3, Q(d) = −1/3− δ/3, (2.12)
which is not quantized.2
Generally, we have an infinite number of hypercharge symmetries, depending on
corresponding values of δ-parameter. Two remarks are in order,
2Of course, we are investigating the most general case in which neutrinos have Yukawa couplings
similar to those of other fermions. Special restrictions, e.g. adding a mass term νRνR that may
lead to the quantization of electric charge [47–50], are not favored in this work.
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1. True electric-charge: δ = 0. In this case the particles get correct electric charge
and hypercharge, as observed, in which νaR are gauge singlets, which can be
omitted as in the standard model. The correct electric charge and hypercharge
are denoted as Q and Y , as usual.
2. Mis electric-charge: δ 6= 0. In this case the particles get abnormal electric
charge (called dark charge) and abnormal hypercharge (called hyper dark-
charge), in which νaR are nontrivially under dark charge symmetry, which must
be included for anomaly cancelation. The dark charge and hyper dark-charge
are denoted as D and N , respectively.
Because the two solutions (according to δ = 0 and δ 6= 0) are linearly indepen-
dent, i.e. Y and N are linearly independent as Q and D are, the full gauge symmetry
of the theory must be
SU(2)L ⊗ U(1)Y ⊗ U(1)N , (2.13)
apart from the QCD group, where Y and N determine electric and dark charges,
Q = T3 + Y, D = T3 +N, (2.14)
respectively. In Appendix A, we use another approach that comes to the same
conclusion of the gauge symmetry (2.13), as desirable. All the anomalies vanish,
independent of δ, as verified in Appendix B. In this work, we take δ = 1 (for the case
δ 6= 0) into account, which manifestly determines dark matter.3
Each particle possesses a pair of characteristic electric and dark charges, as
collected in Table 1. The particle representations under the SU(3)C ⊗ SU(2)L ⊗
U(1)Y ⊗ U(1)N symmetry are listed in Table 2. Here the scalar χ is necessarily
presented to break U(1)N and generate right-handed neutrino masses, and Z ′ is the
U(1)N gauge boson.
Field ν e u d φ1 φ2 χ W A Z Z ′ gluon
Q 0 −1 2/3 −1/3 1 0 0 1 0 0 0 0
D 1 0 1/3 −2/3 1 0 −2 1 0 0 0 0
DP 1 −1 1 −1 −1 1 1 −1 1 1 1 1
Table 1. Q, D charges and dark parity of the model particles.
The scalars develop vacuum expectation values (vevs),
〈χ〉 = 1√
2
Λ, 〈φ〉 = 1√
2
(
0
v
)
, (2.15)
3In the literature [45, 51], N charge was discussed to be a linear combination of the hypercharge
and baryon-minus-lepton number, as desirable. However, the dark charge D and the following dark
parity were not investigated.
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Multiplet lL qL νR eR uR dR φ χ
SU(3)C 1 3 1 1 3 3 1 1
SU(2)L 2 2 1 1 1 1 2 1
Y −1/2 1/6 0 −1 2/3 −1/3 1/2 0
N 1/2 −1/6 1 0 1/3 −2/3 1/2 −2
Table 2. SU(2)L, Y , and N quantum numbers of the model multiplets.
such that Λ  v = 246 GeV to keep consistency with the standard model. The
scheme of gauge symmetry breaking is
SU(3)C ⊗ SU(2)L ⊗ U(1)Y ⊗ U(1)N
↓ Λ
SU(3)C ⊗ SU(2)L ⊗ U(1)Y ⊗D′P
↓ v
SU(3)C ⊗ U(1)Q ⊗DP
where the dark parity DP is a residual symmetry of SU(2)L⊗U(1)N or D = T3 +N ,
which transforms a field as Φ → Φ′ = DPΦ, where DP = eiαD. Note that DP
always conserves the weak vacuum, since D〈φ〉 = 0. DP conserves the χ vacuum, if
DPΛ = Λ implies e−i2α = 1, i.e. α = kpi for k = 0,±1,±2, · · · Considering k = ±3,
we obtain the dark parity
DP = (−1)3(T3+N)+2s (2.16)
after multiplying the spin parity (−1)2s.4 The dark parity of particles is calculated,
as indicated in Table 1. Note that φ± is a Goldstone boson already eaten by the W±
gauge boson.
At this step, the electron is the lightest particle that isDP odd. We introduce two
simplest fields (or candidates), a vector-like fermion (n) and a scalar (η), transforming
under the gauge symmetry SU(3)C ⊗ SU(2)L ⊗ U(1)Y ⊗ U(1)N as
n ∼ (1, 1, 0, 2r), η ∼ (1, 1, 0, 2r − 1), (2.17)
for r integer, which couple to νR through yn¯LηνR.5 Note that all n, η are DP odd.
One of them should be lighter than electron, responsible for dark matter. In other
words, the model predicts a dark matter mass below the electron mass.6
4The dark parity is related to weak isospin, different from those induced by B −L, 3-3-1-1, and
left-right symmetries [52–60].
5When r = 0, we can introduce only the left chiral component nL (i.e., omitting nR), since it
does not contribute to anomaly.
6Hence, the dark matter candidate is stabilized by dark parity conservation, while the electron
is always stabilized, ensured by electric charge conservation, by contrast.
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The total Lagrangian is written as
L = Lkinetic + LYukawa − V. (2.18)
The first part contains kinetic terms and gauge interactions,
Lkinetic =
∑
F
F¯ iγµDµF +
∑
S
(DµS)†(DµS)
−1
4
GmµνG
µν
m −
1
4
AiµνA
µν
i −
1
4
BµνB
µν − 1
4
CµνC
µν − 
2
BµνC
µν , (2.19)
where F, S run over fermion and scalar multiplets, respectively. The covariant deriva-
tive and field strength tensors are defined as
Dµ = ∂µ + igstmGmµ + igTiAiµ + igY Y Bµ + igNNCµ, (2.20)
Gmµν = ∂µGmν − ∂νGmµ − gsfmpqGpµGqν , (2.21)
Aiµν = ∂µAiν − ∂νAiµ − gijkAjµAkν , (2.22)
Bµν = ∂µBν − ∂νBµ, Cµν = ∂µCν − ∂νCµ, (2.23)
where (gs, g, gY , gN), (tm, Ti, Y,N), and (Gm, Ai, B, C) are coupling constants, gen-
erators, and gauge bosons according to (SU(3)C , SU(2)L, U(1)Y , U(1)N) groups, re-
spectively; fmpq and ijk are structure constants of the corresponding groups.
Note that  is a parameter that determines the kinetic mixing between the two
U(1) gauge bosons, satisfying || < 1, in order for definitely positive kinetic energy.
Such kinetic terms can be transformed into the canonical form, i.e.
− 1
4
BµνB
µν − 1
4
CµνC
µν − 
2
BµνC
µν = −1
4
BˆµνBˆ
µν − 1
4
CˆµνCˆ
µν , (2.24)
by basis changing, (
Bˆ
Cˆ
)
=
(
1 
0
√
1− 2
)(
B
C
)
. (2.25)
.
The Yukawa part consists of
LYukawa = heabl¯aLφebR + hνabl¯aLφ˜νbR + hdabq¯aLφdbR + huabq¯aLφ˜ubR
+
1
2
f νabν¯
c
aRχνbR + yan¯LηνaR −mnn¯LnR +H.c., (2.26)
while the scalar potential takes the form
V = µ21φ
†φ+ µ22η
∗η + µ23χ
∗χ+ λ1(φ†φ)2 + λ2(η∗η)2 + λ3(χ∗χ)2
+λ4(φ
†φ)(η∗η) + λ5(φ†φ)(χ∗χ) + λ6(η∗η)(χ∗χ). (2.27)
Note that h’s, f ν , y, and λ’s are dimensionless, whereas mn and µ’s have mass
dimension. Especially, when r = 0, the scalar potential might have extra triple terms,
µχ∗η2 +H.c., but they do not affect the present results, hence being neglected.
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3 Fermion mass
The spontaneous symmetry breaking will generate mass for fermions through the
Yukawa Lagrangian. We first consider the charged leptons and quarks, which get
[me]ab = −heab
v√
2
, [mu]ab = −huab
v√
2
, [md]ab = −hdab
v√
2
. (3.1)
This provides appropriate masses for the particles after diagonalization, similar to
the case of the standard model.
Since the vev of η vanishes due to dark parity conservation, the dark fermion
n does not mix with right-handed neutrinos νR although they couple via yan¯LηνaR.
The field n is a physical field by itself, with arbitrary mass mn.
The neutrinos achieve a mass matrix after the two stages of gauge symmetry
breaking are taken place,
L ⊃ −1
2
(
ν¯cL ν¯R
)( 0 mD
mTD mM
)(
νL
νcR
)
+H.c., (3.2)
where m∗D = −hν v√2 is Dirac mass that couples νL to νR and m∗M = −f ν Λ√2 is
Majorana mass that couples νRνR by themselves.
Diagonalizing the mass matrix of the neutrinos with the aid of Λ v, we obtain
the following mass eigenvalues
mν′L ' −UTmDm−1M mTDU, (3.3)
mν′R ' V †mMV ∗, (3.4)
where U is the Pontecorvo-Maki-Nakagawa-Sakata matrix, given that the charged
leptons are flavor diagonal. The observed light neutrinos ν ′L and the heavy neutrinos
ν ′R are given as follows(
νL
νcR
)
'
(
1 θ
−θ† 1
)(
U 0
0 V ∗
)(
ν ′L
ν ′cR
)
, (3.5)
where θ = mDm−1M . Due to the fact that the mixing parameter θ ∼ v/Λ is small,
we have the following approximation, νL ' Uν ′L and νR ' V ν ′R. Without loss of
generality, we can take V = 1 into account.
The neutrino mass generation is presented by the diagram in Fig. 1, attached by
external fields φ, χ, φ with internal lines νR, νR, happening when the dark and weak
charges are broken, derived by 〈χ〉 and 〈φ〉, respectively. The large νR Majorana mass
is produced due to its interaction with χ (see the middle part in Fig. 1) after dark
charge breaking. It is clear that the gauge symmetry suppresses all neutrino mass
types, but the dark and weak breaking supplies consistent neutrino masses through
an improved Higgs mechanism. The canonical seesaw is manifestly realized since νR
are fundamental constituents required for dark charge anomaly cancelation and the
Majorana masses arise from dark charge breaking, irrelevant to the lepton number.
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φχ
φ
νL νR ν
c
R ν
c
L
Figure 1. Neutrino mass generation process induced by dark charge breaking, where νL,R
carry a unit of dark charge, converted by the Higgs field φ, while the coupling νRνR breaks
dark charge by two unit induced by χ.
4 Scalar sector
Because the electric charge and dark parity are conserved, only the scalar fields that
are electrically neutral and DP even can develop a vev, such as 〈φ〉 = 1√2 (0 v)
T ,
〈χ〉 = 1√
2
Λ, and 〈η〉 = 0, aforementioned.
Moreover, the necessary conditions for the scalar potential (2.27) to be bounded
from below as well as yielding a desirable vacuum structure are
λ1,2,3 > 0, µ
2
1,3 < 0, |µ1|  |µ3|, µ22 > 0. (4.1)
To obtain the potential minimum and physical scalar spectrum, we expand the
scalar fields around vevs as
φ =
(
φ+
1√
2
(v + S1 + iA1)
)
, (4.2)
χ =
1√
2
(Λ + S2 + iA2), η =
1√
2
(S3 + iA3). (4.3)
Substituting (4.2) and (4.3) into (2.27), the potential minimum conditions are
Λ2 =
−2λ5µ21 + 4λ1µ23
λ25 − 4λ1λ3
, v2 =
−2λ5µ23 + 4λ3µ21
λ25 − 4λ1λ3
. (4.4)
Using the minimum conditions, we obtain physical scalar fields,
φ =
(
G+W
1√
2
(v + cξH + sξH
′ + iGZ)
)
, (4.5)
χ =
1√
2
(Λ− sξH + cξH ′ + iGZ′), η, (4.6)
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where GW , GZ , and GZ′ are the Goldstone bosons corresponding to the W , Z, and
Z ′ gauge bosons, respectively. H is identical to the standard model Higgs boson,
while H ′ is a new Higgs boson associate to the dark charge breaking.
The S1-S2 mixing angle and mass eigenvalues are given by
t2ξ =
λ5vΛ
λ3Λ2 − λ1v2 '
λ5
λ3
v
Λ
, (4.7)
m2H = λ1v
2 + λ3Λ
2 −
√
(λ1v2 − λ3Λ2)2 + λ25v2Λ2 '
(
2λ1 − λ
2
5
2λ3
)
v2, (4.8)
m2H′ = λ1v
2 + λ3Λ
2 +
√
(λ1v2 − λ3Λ2)2 + λ25v2Λ2 ' 2λ3Λ2, (4.9)
which imply that ξ is small, mH is at weak scale, and mH′ is at Λ scale.
Last, but not least, η does not mix with other fields, being a physical field by
itself, with mass
m2η = µ
2
2 +
1
2
λ4v
2 +
1
2
λ6Λ
2. (4.10)
Dependent on the scalar couplings λ4,6 and mass parameter µ2, the dark scalar η can
have a mass at Λ, v, or low scale.
5 Gauge sector
The gauge bosons acquire mass through their interaction with scalar fields, when the
gauge symmetry breaking happens. The charged gauge boson W± = (A1∓ iA2)/
√
2
gets a mass m2W = g2v2/4, which leads to v = 246 GeV.
The mass matrix of the neutral gauge bosons in the canonical basis (A3, Bˆ, Cˆ)
is given by
M2 = LT

g2v2
4
−ggY v2
4
−ggNv2
4
−ggY v2
4
g2Y v
2
4
gY gNv
2
4
−ggNv2
4
gY gNv
2
4
g2Nv
2
4
+ 4g2NΛ
2
L, (5.1)
where L is not an orthogonal matrix, that relates the present basis to the original
basis, (A3 B C)T = L(A3 Bˆ Cˆ)T , obtained by
L =
 1 0 00 1 − √1−2
0 0 1√
1−2
 . (5.2)
It is easily checked that the mass matrix (5.1) provides a zero eigenvalue (photon
mass) with corresponding eigenstate (photon field)
A = sWA3 + cW Bˆ, (5.3)
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where the Weinberg angle is defined by tW = gY /g.7 The Z0 boson is defined
orthogonally to A, such as
Z0 = cWA3 − sW Bˆ, (5.4)
which is identical to that of the standard model. Hence, in the new basis (A,Z0, Cˆ),
the photon is decoupled, while there remains a mixing between Z0 and Cˆ determined
by a mixing angle α. That said, diagonalizing the mass matrix (5.1) by an orthogonal
transformation,
OTM2O = diag(0,m2Z ,m
2
Z′), (5.5)
we have
O =
 sW cW 0cW −sW 0
0 0 1
 1 0 00 cα sα
0 −sα cα
 . (5.6)
The Z0-Cˆ mixing angle is evaluated as
t2α ' −
√
1− 2
8g2N
√
g2 + g2Y (gN − gY )
v2
Λ2
. (5.7)
And, the mass eigenvalues read
m2Z '
g2 + g2Y
4
v2
[
1− (gN − gY )
2
16g2N
v2
Λ2
]
, (5.8)
m2Z′ '
4g2NΛ
2
1− 2
[
1 +
(gN − gY )2
16g2N
v2
Λ2
]
. (5.9)
Note that the Z-Z ′ mixing, i.e. the α angle, comes from two sources, the kinetic
mixing (characterized by ) and the symmetry breaking (induced by Λ). Such two
contributions cancel out if  = gN/gY .
In summary, the physical states (A,Z, Z ′) are related to the canonical states
(A3, Bˆ, Cˆ) and the original states (A3, B, C) as follows
(A3 Bˆ Cˆ)
T = O(A Z Z ′)T , (A3 B C)T = LO(A Z Z ′)T . (5.10)
6 Interactions
We are interested in the interaction of electroweak and dark gauge bosons with
fermions. Let us expand the relevant Lagrangian,∑
F
F¯ iγµDµF =
∑
F
F¯ iγµ∂µF − gs
∑
F
F¯ γµtmGmµF + LCC + LNC , (6.1)
7Interested reader can refer to [61–63] for diagonalizing a more-general neutral-gauge sector
with/without a kinetic mixing term.
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where
LCC = −g
∑
FL
F¯Lγ
µ(T1A1µ + T2A2µ)FL, (6.2)
LNC = −g
∑
FL
F¯Lγ
µ(T3A3µ + tWYFLBµ + tNNFLCµ)FL
−g
∑
FR
F¯Rγ
µ(tWYFRBµ + tNNFRCµ)FR, (6.3)
where FL and FR run over the left-handed and right-handed fermion multiplets of
the model, respectively, and we define tN = gN/g.
From (6.2), we obtain the interaction of fermions with charged gauge bosons,
LCC = − g√
2
(e¯Lγ
µUνL + d¯Lγ
µVCKMuL)W
−
µ +H.c., (6.4)
where we denote ν ≡ (ν1 ν2 ν3)T , e ≡ (e µ τ)T , u ≡ (u c t)T , and d ≡ (d s b)T to be
mass eigenstates, without confusion.
Equation (6.3) gives rise to the interaction of fermions with neutral gauge bosons,
LNC = −eQ(f)f¯γµfAµ
− g
2cW
{CZνL ν¯LγµνL + CZνR ν¯RγµνR + f¯γµ[gZV (f)− gZA(f)γ5]f}Zµ
− g
2cW
{CZ′νL ν¯LγµνL + CZ
′
νR
ν¯Rγ
µνR + f¯γ
µ[gZ
′
V (f)− gZ
′
A (f)γ5]f}Z ′µ, (6.5)
where f indicates to every fermion of the model, except for neutrinos, and
CZνL = cα −
cW tN + sW√
1− 2 sα, C
Z
νR
= − 2cW tN√
1− 2 sα, (6.6)
CZ
′
νL
= sα +
cW tN + sW√
1− 2 cα, C
Z′
νR
=
2cW tN√
1− 2 cα. (6.7)
The vector and axial-vector couplings of Z,Z ′ to the remaining fermions are listed
in Tables 3 and 4, respectively.
f gZV (f) g
Z
A(f)
e, µ, τ 1−2c2W
2
cα − cW tN+3sW2√1−2 sα −12cα − cW tN−sW2√1−2 sα
u, c, t −1−4c2W
6
cα − cW tN−5sW6√1−2 sα 12cα + cW tN−sW2√1−2 sα
d, s, b −1+2c2W
6
cα +
5cW tN−sW
6
√
1−2 sα −12cα − cW tN−sW2√1−2 sα
n −4rcW tN√
1−2 sα 0
Table 3. Couplings of Z with fermions (f 6= ν).
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f gZ
′
V (f) g
Z′
A (f)
e, µ, τ 1−2c2W
2
sα +
cW tN+3sW
2
√
1−2 cα −12sα + cW tN−sW2√1−2 cα
u, c, t −1−4c2W
6
sα +
cW tN−5sW
6
√
1−2 cα
1
2
sα − cW tN−sW2√1−2 cα
d, s, b −1+2c2W
6
sα − 5cW tN−sW6√1−2 cα −12sα + cW tN−sW2√1−2 cα
n 4rcW tN√
1−2 cα 0
Table 4. Couplings of Z ′ with fermions (f 6= ν).
7 Electroweak precision test
7.1 ρ-parameter
Because the Z boson mixes with the new neutral gauge boson through the kinetic
mixing and the symmetry breaking, the new physics contributions to the ρ-parameter
start from the tree-level,
∆ρ =
m2W
c2Wm
2
Z
− 1 ' (tN − tW )
2
16t2N
v2
Λ2
. (7.1)
From the global fit, the ρ parameter is bounded by 0.0002 < ∆ρ < 0.00058 [64],
which leads to the following lower bound,
Λ & 2.553× |tN − tW |
tN
TeV. (7.2)
7.2 Total Z decay width
In this subsection, we use the precision measurement of the total Z decay width
to impose the constraint on the free parameters of the model. The total Z decay
width is measured by the experiment and predicted by the standard model as, ΓexpZ =
2.4952± 0.0023 GeV and ΓSMZ = 2.4942± 0.0008 GeV, respectively [64].
First, we rewrite the Lagrangian describing the Z couplings to the standard
model fermions given as
LNC ⊃ − g
2cW
{ν¯Lγµ(1 + ∆νL)νL
+f¯γµ[gZ0V (f)(1 + ∆V,f )− gZ0A(f)(1 + ∆A,f )γ5]f
}
Zµ,
(7.3)
where gZ0V (f) = T3(f) − 2Q(f)s2W and gZ0A(f) = T3(f) are the standard model pre-
dictions for the vector and axial-vector couplings, respectively, ∆νL , ∆V,f and ∆A,f
are the coupling shifts given as follows
∆νL '
t2N − 2t2W
16t2N
v2
Λ2
, (7.4)
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∆V,f ' 2 [tND(f)− tWQ(f)]− T3(f)(tN − tW )
T3(f)− 2Q(f)s2W
tN − tW
16t2N
v2
Λ2
, (7.5)
∆A,f ' −(tN − tW )
2
16t2N
v2
Λ2
. (7.6)
Using this Lagrangian, one can write the total Z decay width predicted in this
model as
ΓZ = Γ
SM
Z + ∆ΓZ , (7.7)
where ΓSMZ is the standard model value and the shift ∆ΓZ is given by
∆ΓZ ' m
SM
Z
6pi
(
g
2cW
)2{∑
f
NC(f)
[(
gZ0V (f)
)2
∆V,f +
(
gZ0A(f)
)2
∆A,f
]
+
3∆νL
2
}
+
∆mZ
12pi
(
g
2cW
)2{∑
f
NC(f)
[(
gZ0V (f)
)2
+
(
gZ0A(f)
)2]
+
3
2
}
, (7.8)
where mSMZ is the standard model value of the Z gauge boson mass, NC(f) is the
color number of the fermion f , the sum is taken over the standard model charged
fermions, and the mass shift of the gauge boson Z is given by
∆mZ ' − g
2cW
(tN − tW )2
32t2N
v3
Λ2
. (7.9)
Note that if allowed kinetically the gauge boson Z can decay into the dark
matter candidate pairs n¯n and η∗η but these two-body decays are highly suppressed
by v4/Λ4. From the experimental and theoretical values of ΓZ as mentioned above,
we require |∆ΓZ | < 0.0041 GeV, which leads to the following bound
Λ & 1.14×
√|(tN − 1.62)(tN − 0.55)|
tN
TeV. (7.10)
8 Collider bounds
8.1 LEPII constraint
The on-shell new gauge boson Z ′ would not be produced at the existing e+e− colliders
if its mass is in the TeV region or higher. But, below the resonance, Z ′ would
manifestly contribute to viable observables that deviates them from the standard
model predictions. Hence, the new gauge boson Z ′ can be indirectly searched at the
LEPII experiment through the processes e+e− → f¯f with f = e, µ, τ .
The considering processes that are induced by the exchange of the new gauge
boson Z ′ can be described by the following effective Lagrangian,
Leff = 1
1 + δef
(
g
2cWmZ′
)2
e¯γµ[g
Z′
V (e)− gZ
′
A (e)γ5]ef¯γ
µ[gZ
′
V (f)− gZ
′
A (f)γ5]f,(8.1)
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where δef = 1(0) for f = e (f 6= e).
By using the relevant data of the LEPII experiment [65], we impose the con-
straint,
4
√
picWmZ′
g
√[
gZ
′
V (e)
]2
+
[
gZ
′
A (e)
]2 & 24.6 TeV, (8.2)
which leads to
Λ & 1.23×
√
(tN + tW )2 + 42t2W
tN
TeV. (8.3)
8.2 LHC dilepton constraint
The new gauge boson Z ′ can be resonantly produced at the LHC via the quark fusion
q¯q → Z ′ and subsequently it would decay into the standard model fermions as well
as the exotic particles such as the dark matter candidate n(η). The most significant
decay channel of Z ′ is given by Z ′ → l+l− with l = e, µ, which have well-understood
backgrounds and measure a Z ′ that owns both couplings to quarks and leptons.
The cross-section for this process is approximately computed in the case of the
very narrow Z ′ decay width as
σ(pp→ Z ′ → l+l−) ' pi
3
(
g
2cW
)2∑
q
Lqq¯(m
2
Z′)
{[
gZ
′
V (q)
]2
+
[
gZ
′
A (q)
]2}
×Γ(Z
′ → l+l−)
ΓZ′
, (8.4)
where the parton luminosities Lqq¯ is given by
Lqq¯(m
2
Z′) =
∫ 1
m2
Z′
s
dx
xs
[
fq(x,m
2
Z′)fq¯
(
m2Z′
xs
,m2Z′
)
+ fq
(
m2Z′
xs
,m2Z′
)
fq¯(x,m
2
Z′)
]
,(8.5)
with
√
s to be collider center-of-mass energy and fq(q¯)(x,m2Z′) to be the parton dis-
tribution function of the quark q (antiquark q¯) evaluated at the scale mZ′ , and the
total Z ′ decay width reads
ΓZ′ ' mZ′
12pi
(
g
2cW
)2∑
f
NC(f)
{[
gZ
′
V (f)
]2
+
[
gZ
′
A (f)
]2}
+
mZ′
24pi
(
gtN√
1− 2
)2 3∑
a=1
(
1− 4m
2
νaR
m2Z′
)3/2
θ
(mZ′
2
−mνaR
)
+
mZ′
48pi
[
g(2r − 1)tN√
1− 2
]2(
1− 4m
2
η
m2Z′
)3/2
θ
(mZ′
2
−mη
)
, (8.6)
where f refers to the standard model fermions and dark matter candidate n, and
θ(x) is the step function.
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In Figure 2, we show the dilepton production cross-section σ(pp → Z ′ → l+l−)
as a function of the new neutral gauge boson mass for various values of tN and ,
with r = 1, mν1R = mν2R = mν3R = mZ′/3 and mη = mZ′/4. In addition, we include
the upper limits on the cross-section of this process at 95% CL using 36.1 fb−1 of pp
colision at
√
s = 13 TeV by the ATLAS experiment [66]. In the left panel, the lower
bounds on the new neutral gauge boson mass are determined about 2.1, 2.8, 3.5 and
3.7 TeV, corresponding to tN = 0.1, 0.3, 0.6, and 0.8, respectively. Whereas, in the
right panel for  = −0.5, −0.1, 0.4, and 0.8, the lower bounds are 3.9, 2.3, 3.4 and
4.5 TeV, respectively.
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Figure 2. The cross-section for the process pp → Z ′ → l+l− as a function of the new
neutral gauge boson mass. The solid and dashed black curves refer to the observed and
expected limits, respectively, while the green and yellow bands refer to 1σ and 2σ for the
expected limit. The top and bottom panels correspond to  = 0.1 and tN = 0.2, respectively.
In Figure 3, we combine the lower bounds, which are obtained from the current
LHC limits of the dilepton production, ρ-parameter, precision measurement of the Z
– 15 –
decay width, and the LEPII constraint, to find the allowed parameter space in the
tN −Λ and −Λ planes. The top panel of this figure indicates that with  = 0.1 the
current LHC limits of the dilepton production impose the most stringent bound for
the sufficiently small/intermediate values of tN . On the contrary, for the sufficiently
large values of tN , the LEPII data is the most strong constraint. Whereas, the
bottom-left and -right panels suggest that with tN = 0.2 the current LHC limits of
the dilepton production impose the most stringent bound for the whole region of 
under consideration.
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Figure 3. The allowed parameter space is determined by the green regions. The black,
blue, red, and purple curves correspond to the lower bounds obtained from the current
LHC limits of the dilepton production, precision measurement of the Z decay width, ρ-
parameter, and the LEPII constraint, respectively. The regions which are below each of
these curves are excluded. The top panel corresponds to  = 0.1, while the bottom-left and
-right panels correspond to tN = 0.2.
9 Dark matter abundance
Comparing the predicted neutrino mass in (3.3) with the data, we obtain
Λ ∼ [(hν)2/f ν ]× 1014 GeV. (9.1)
This leads to two scenarios for the seesaw scale with corresponding dark matter
production mechanisms, as presented in [46].
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Large seesaw scale: Λ ∼ 1014 GeV, given that (hν)2/f ν ∼ 1. First, this scenario
can explain the cosmic inflation driven by the U(1)N dynamics [67–70]. Further, it
can supply the baryon asymmetry via leptogenesis due to the CP-violating decay of
νR to normal matter νR → eφ+ [71]. The new observation is that νR also decays to
dark matter nη∗ via the CP-violating coupling yin¯LηνiR. Taking y2,3 = e−iθy1, with
y1 ∼ 1 and θ ∼ pi/4, this scenario yields mDM ∼ 10
−4mp
y21 sin(2θ)
∼ 0.1 MeV. Since η should
have a sizable mass from (4.10) to be at the weak scale, the dark matter mass is
associate to the dark fermion n.
TeV seesaw scale: Λ ∼ 1–10 TeV, if (hν)2/f ν is suitably small. In this case
Z ′ can pick up a mass at TeV, as given above. The dark matter is produced via
a freeze-in mechanism [72] with decay ν1R → nη∗, where ν1R and η are in thermal
equilibrium with standard model plasma, maintained by the interaction with Z ′, i.e.
SM + SM↔ Z ′ ↔ νRνR(ηη∗). The relic density is [46]
ΩDMh
2 ∼ 0.1
( y1
10−8
)2(300 GeV
mν1R
)( mDM
0.1 MeV
)
, (9.2)
yielding a dark fermion (n) mass about 0.1 MeV, given that y1 ∼ 10−8 and the
smallest νR mass ∼ 300 GeV.
10 Conclusion
We have proved that a dynamical dark charge may arise to be a variant of the
usual electric charge. The dark dynamics interprets the right-handed neutrinos as
fundamental fields, charged under dark charge, and possessing large Majorana masses
from the dark charge breaking. This yields suitable observed neutrino masses in
terms of a canonical seesaw and the resultant dark parity, which implies a dark
matter candidate to be lighter than an electron.
The large scale scenario for dark charge breaking generates appropriate asym-
metric dark fermion with a mass around 0.1 MeV, similar to the lepton asymmetry,
which all arise from a standard leptogenesis. By contrast, the TeV scale scenario
for dark charge breaking is appropriate to the production of freeze-in dark fermions,
which possess a mass around 0.1 MeV. Such two dark matter generation mechanisms
are manifestly governed by the dark dynamics or U(1)N .
For the latter case with accessible new physics regime, we have examined the new
physics effects through the ρ-parameter, the Z width, the LEPII and LHC dilepton
searches, indicating that the new physics scale for dark charge breaking, i.e. Λ, and
the Z ′ mass are in several TeVs.
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A Current algebra approach
Consider the SU(2)L symmetry of weak isospin Ti (i = 1, 2, 3) regarding the V–A
theory. The fermions transform as isodoublets lL = (νL eL)T and qL = (uL dL)T ,
plus corresponding right-handed fermion singlets, where the generation index is
suppressed. The vector-like fermion n is not counted, without loss of general-
ity. Further, assume that Q(ν, e, u, d) = 0,−1, 2/3,−1/3 for electric charge and
D(ν, e, u, d) = δ, δ− 1, 2/3− δ/3,−1/3− δ/3 for dark charge, respectively. Here, the
latter can be referred from (2.12).
The covariant derivative relevant to SU(2)L is
Dµ = ∂µ + igTiAiµ = ∂µ + ig[(T+W
+
µ +H.c.) + T3A3µ], (A.1)
where T± ≡ (T1 ± iT2)/
√
2 and W± ≡ (A1 ∓ iA2)/
√
2. Thus, the fermion gauge
interaction takes the form,
L ⊃ F¯ iγµDµF ⊃ (−gF¯LγµT+FLW+µ +H.c.)− gF¯LγµT3FLA3µ, (A.2)
which implies weak currents appearing in Lagrangian, −gJµV Vµ, such that Jµ+ =
F¯Lγ
µT+FL and Jµ3 = F¯LγµT3FL. This gives rise to corresponding weak charges,
T+(t) ≡
∫
d3xJ0+ =
1√
2
∫
d3x(ν†LeL + u
†
LdL),
T3(t) ≡
∫
d3xJ03 =
1
2
∫
d3x(ν†LνL − e†LeL + u†LuL − d†LdL), (A.3)
and T−(t) = [T+(t)]†. Using canonical anticommutation relation, {f(~x, t), f †(~y, t)} =
δ(3)(~x− ~y), the weak charges obey SU(2)L algebra,
[T+(t), T−(t)] = T3(t), [T3(t), T±(t)] = ±T±(t), (A.4)
as expected.
The Q(t) and D(t) charges are
Q(t) =
∫
d3xF †QF =
∫
d3x
[
−e†LeL +
2
3
u†LuL −
1
3
d†LdL + (RR)
]
, (A.5)
D(t) =
∫
d3xF †DF
=
∫
d3x
[
δν†LνL + (δ − 1)e†LeL +
2− δ
3
u†LuL −
1 + δ
3
d†LdL + (RR)
]
,(A.6)
which are not proportional to T3(t), since they have the right currents. Q,D and
weak isospin do not form a closed algebra. Further, we derive [Q(t), T±(t)] = ±T±(t)
and [D(t), T±(t)] = ±T±(t), implying that Q,D do not commute with weak isospin.
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We obtain
Q(t)− T3(t) =
∫
d3x
[
−1
2
l†LlL +
1
6
q†LqL − e†ReR +
2
3
u†RuR −
1
3
d†RdR
]
≡
∫
d3xF †Y F, (A.7)
D(t)− T3(t) =
∫
d3x
[(
δ − 1
2
)
l†LlL +
(
1
6
− δ
3
)
q†LqL
+(δ − 1)e†ReR +
2− δ
3
u†RuR −
1 + δ
3
d†RdR
]
≡
∫
d3xF †NF, (A.8)
which yield two new Abelian charges, Y and N , with values for multiplets coinciding
those in the body text, respectively. It is easily to check that Y (t) and N(t) commute
with weak isospin and linearly independent.
We conclude that the manifest gauge symmetry must be
SU(2)L ⊗ U(1)Y ⊗ U(1)N , (A.9)
where Y and N define the electric charge and dark charge,
Q− T3 = Y, D − T3 = N, (A.10)
respectively. It is noteworthy that the weak isospin theory contains in it two con-
served, noncommutative charges, Q and D, and the requirement of algebraic closure
yields the SU(2)L⊗U(1)Y ⊗U(1)N gauge model, describing the electroweak and dark
interactions. Interestingly, the weak and dark interactions are unified in the same
manner the electroweak theory does so for weak and electromagnetic interactions.
B Anomaly checking
For convenience in reading, let us indicate the U(1)Y,N quantum numbers in Table 5.
Multiplet lL qL νR eR uR dR n
Y −1
2
1
6
0 −1 2
3
−1
3
0
N δ − 1
2
1
6
− δ
3
δ δ − 1 2
3
− δ
3
−1
3
− δ
3
2r
Table 5. Y,N quantum numbers of fermion multiplets in the general case.
Indeed, all the anomalies are cancelled in each generation, independent of δ.
Let’s see.
[SU(3)C ]
2U(1)Y ∼
∑
quarks
(YfL − YfR) = 3(2Yq − Yu − Yd)
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= 3[2(1/6)− (2/3)− (−1/3)] = 0. (B.1)
[SU(3)C ]
2U(1)N ∼
∑
quarks
(NfL −NfR) = 3(2Nq −Nu −Nd)
= 3[2(1/6− δ/3)− (2/3− δ/3)− (−1/3− δ/3)] = 0. (B.2)
[SU(2)L]
2U(1)Y ∼
∑
doublets
YfL = Yl + 3Yq = (−1/2) + 3(1/6) = 0. (B.3)
[SU(2)L]
2U(1)N ∼
∑
doublets
NfL = Nl + 3Nq = (−1/2 + δ) + 3(1/6− δ/3) = 0. (B.4)
[Gravity]2U(1)Y ∼
∑
fermions
(YfL − YfR)
= 2Yl + 2× 3Yq + YnL − Yν − Ye − 3Yu − 3Yd − YnR
= 2(−1/2) + 6(1/6) + 0− 0− (−1)− 3(2/3)− 3(−1/3)− 0 = 0.(B.5)
[Gravity]2U(1)N ∼
∑
fermions
(NfL −NfR)
= 2Nl + 2× 3Nq +NnL −Nν −Ne − 3Nu − 3Nd −NnR
= 2(−1/2 + δ) + 6(1/6− δ/3) + 2r − δ − (δ − 1)− 3(2/3− δ/3)
−3(−1/3− δ/3)− 2r = 0. (B.6)
[U(1)Y ]
2U(1)N =
∑
fermions
(Y 2fLNfL − Y 2fRNfR) = 2Y 2l Nl + 2× 3Y 2q Nq + Y 2nLNnL
−Y 2ν Nν − Y 2e Ne − 3Y 2uNu − 3Y 2d Nd − Y 2nRNnR
= 2(−1/2)2(−1/2 + δ) + 6(1/6)2(1/6− δ/3) + 02 × 2r − 02 × δ
−(−1)2(δ − 1)− 3(2/3)2(2/3− δ/3)− 3(−1/3)2(−1/3− δ/3)
−02 × 2r = 0. (B.7)
U(1)Y [U(1)N ]
2 =
∑
fermions
(YfLN
2
fL
− YfRN2fR) = 2YlN2l + 2× 3YqN2q + YnLN2nL
−YνN2ν − YeN2e − 3YuN2u − 3YdN2d − YnRN2nR
= 2(−1/2)(−1/2 + δ)2 + 6(1/6)(1/6− δ/3)2 + 0× (2r)2 − 0× δ2
−(−1)(δ − 1)2 − 3(2/3)(2/3− δ/3)2 − 3(−1/3)(−1/3− δ/3)2
−0× (2r)2 = 0. (B.8)
[U(1)Y ]
3 =
∑
fermions
(Y 3fL − Y 3fR)
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= 2Y 3l + 2× 3Y 3q + Y 3nL − Y 3ν − Y 3e − 3Y 3u − 3Y 3d − Y 3nR
= 2(−1/2)3 + 6(1/6)3 + 03 − 03 − (−1)3
−3(2/3)3 − 3(−1/3)3 − 03 = 0. (B.9)
[U(1)N ]
3 =
∑
fermions
(N3fL −N3fR)
= 2N3l + 2× 3N3q +N3nL −N3ν −N3e − 3N3u − 3N3d −N3nR
= 2(−1/2 + δ)3 + 6(1/6− δ/3)3 + (2r)3 − δ3 − (δ − 1)3
−3(2/3− δ/3)3 − 3(−1/3− δ/3)3 − (2r)3 = 0. (B.10)
The dark fermion n is vector-like, not contributing to the anomalies, which can
be skipped from the beginning.
Additionally, in the case of the model that contains several dark charges, SU(2)L⊗
U(1)Y ⊗U(1)N1 ⊗U(1)N2 ⊗ · · · ⊗U(1)Np , the anomalies of above types are still can-
celed. For the remainders, it is sufficient to consider,
[U(1)N ]
2U(1)N ′ =
∑
fermions
(N2fLN
′
fL
−N2fRN ′fR) = 2N2l N ′l + 2× 3N2qN ′q −N2νN ′ν
−N2eN ′e − 3N2uN ′u − 3N2dN ′d
= 2(δ − 1/2)2(δ′ − 1/2) + 6(1/6− δ/3)2(1/6− δ′/3)− δ2 × δ′
−(δ − 1)2(δ′ − 1)− 3(2/3− δ/3)2(2/3− δ′/3)
−3(−1/3− δ/3)2(−1/3− δ′/3) = 0. (B.11)
Hence the model of multi dark charges is viable, attracting attention.
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